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TECHNICAL MEMORANDUM

I. INTRODUCTION

The problem of radiation shielding in space can be
divided into three catagories: 1. Shielding against heavy
charged particles, mainly protons; 2. Shielding against elec-
trons; 3. Shielding against secondary radiation (e.g. bremsstrah-
lung) produced by energetic electrons and protons. The rela-
tive importance of these radiation sources in determining the
radiation dose depends on the spacecraft's location in space and
the amount of shielding available.. Outside of the Earth's
trapped radiation belts solar flare and solar wind protons and
alpha particles are the predominant radiation sources. In the
radiation belt environment both protons and electrons can contrib-
ute to the dose, with the electron contribution becoming rela-
tively less important as the shielding thickness increases. For
Apollo Mission E electrons contribute over 90% of the skin dose
in the LM and only 15% in the CM. Secondary bremsstrahlung, being
much more penetrating than the primary charged particles, sets a
lower 1limit on the shielded radiation dose. In this study the problem
of calculating radiation dose due to energetic electrons and their
associated bremsstrahlung is considered. Therefore, the results will
be particularly applicable to space flights in the Earth's radiation
belts in relatively thin-walled spacecraft such as the lunar module.
However, it should be kept in mind that proton doses, which are not
considered here, can be an appreciable 1f not predominant factor in
many cases. Rather than produce an entirely new electron dose code,
the purpose of this study is to investigate various methods of
electron dose calculation in order to point up possible areas where
improvement could be made in either input data or calculational
fechniques. | -

Electron dose calculations are complicated by the fact
that the analytic solutions to the problem of electron transport
in matter are not possible without drastic simplifying assump-

tions.(l) As a result Monte Carlo techniques have been extensively
developed as a means of approaching the problem. However, be-
cause of the great amount of computer time needed for a sophis-
ticated Monte Carlo code to solve a given problem, it is not pos-
sible for large scale radiation dose studies to be done in this
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manner. What is done, therefore, is to generate solutions for
simple geometries and a limited number of materials using Monte
Carlo techniques, and then generalige the results so that they
can be used to calculate the dose for more complicated geome-
tries. 1In this way a variety of shielding configurations and
external electron environments can be studied for a minimum in-
vestment in computer time.

The most extensive set of Monte Carlo electron trans-
port calcylations have been carried out by Berger and Seltzer.
Their code has been described in detail elsewhere(2) and will not
be discussed here. Their results give the fraction of incident
electrons of initial kinetic enérgy, E, penetrating an aluminum slab
of thickness z (gm/cm?)¥* as a function of the reduced thickness,

X = %_(E) where RO(E) is the extrapolated range of the incident
O 5

electrons in aluminum. Tables of number transmission coefficilents
are given for various incident electron energies and angles,
and for isotropic (AN (8) = NO cos 6d6) incidence. In addition

tables of energy transmission coefficients are also given; i.e.,
the fraction of incident energy that is transmitted though a slab
of reduced thickness x. Recently Berger and Seltzer have also
calculated the fraction of incident electron energy that appears
as forward bremsstrahlung from aluminum slabs of varying thick-
nesses.(3) These results can be used to calculate the bremsstrah-
lung contribution to the electron dose.

In the next section methods of calculating the primary
electron dose are described, and the limitations of the calcula-
tions are discussed in section III. Section IV is concerned with
the calculation of the bremsstrahlung dose. Section V contains
dose calculations for Apollo Mission E and compares these results
with previous work. Section VI summarizes the results of this
study and makes recommendations for further study in this area.
The appendix contains a complete description of the code, BEDOSE,
which was used to do the calculations, including input-output
format and a listing.

IT. ELECTRON DOSE

5 Consider a semi-infinite aluminum slab of thickness z
(gm/cm™) irradiated on one face by an isotropic electron flux
$(E,t) whose time integrated value . is ¢(E) (electrons/cmaMeV) (see
Figure 1). The electron number and energy transmission coeffi-
cients of Berger and Seltzer are defined as follows:

¥z(g/cm2)= p(g/cm?®) x t(cm) is called the areal density and is the
guantity usually used to describe shielding thicknesses. Ranges
: expressed in this unit for a given particle vary much less from
one material to another than if expressed in centimeters.
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# of electrons of initial energy E

T (E_,z) = penetrating sl=b
N'"o? # of electrons of energy E incident
on slab
total energy of electrons of initial
energy E_ that penetrates slab
Tp(E,,2) = ©

total energy incident on slab due to
electrons of initial energy Eo

These coefficients can be used in two ways to calculate the elec-
tron dose delivered to a material on the shielded side of the slab.

Using the number transmission coefficient, the number
of electrons of initial energy E penetrating the slab per cm? is
simply ¢ (E) T (E,z)dE. The skin dose in rads produced by these
electrons will be

ab (z) = 1.6 x 1070 &L 4(m) T (E,2)dE (1)
e ) dz N ? :

1
%%* is the average energy per unit depth (MeV/gm/cm?) deposited by
the electrons of initial energy E after penetrating the slab, where
the averaging is done over the emergent electron spectrum. The
constant 1.6x10-8 converts from (MeV/gm/cm?) to rads (100 ergs/gm).
. Since electrons in the trapped radiation belts have a wide spec-
trum of energies equation (1) must be integrated over energy to
obtain the total electron dose,

oo

de"

dz (E,z)dE (2)

D (z) = 1.6 x 108 g ¢ (B) T (E,z)

1)
i

40

¢(E) can be obtained from models of the space electron environment

1
and TN from Berger's work. %%~ is a little more difficult. It is
not simply calculated from the absolute value of the stopping power
of the material in question for two reasons. The electrons do not
travel in straight paths and they enter the material at a variety of
angles. Therefore, the actual distance traveled by the electrons is
greater than their depth of penetration. Calculations with TE(E,Z)

. !
(the next method to be discussed) show that %%w is actually 2-3 times
times the absolute value of the stopping power. However, these calcu-
dE!'

lations alsc show that I is a fairly insensitive function of E and

z, as might be expected from the insensitivity of the stopping power

to variations in energy between 0.5 and 10 MeV. (4) Therefore, we

1
can replace %§~ by an averare value '<g%~> to give us

D_(z) = 1.6 x 1070¢ >f o (E) T, (E,z)dE. (2a)
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Because of the considerahle amount of computer time required to
obtain values of the number coefficient, values at more than a

few energies have only recently become available.: It turns out
that if z is replaced by the reduced width x = X/RO, the values

of TN(E,X) are fairly insensitive to variations in E. This
enables one to use a universal function TN(X) in place of TN(E,Z)
in equation (2a). 1In the past T (x) has been constructed from

Monte Carlo runs using 1 MeV 1nc1dent energy electrons, glVlng the
dose equation. :

D (z) = 1.6 x 107% dE jf o (E) Ty (1,x)dE - (2b)

In actual practice upper and lower limits are set on the energy
range of integration, above which there is assumed to be a negli-
gible number of electrons and below which it is assumed no elec-
trons penetrate the slab. We will come back to this point and
the question of using a universal transmission function after
developing the second method of electron dose calculation.

. The second method of calculating the electron dose
makes use of the energy transmission coefficients of Berger and
Seltzer. It was first brought to this writer's attention in a

paper (unpublished) by M. Burrell and J. Wright of MSFC,(7) al-
though the arguments advanced here differ from theirs in certain
respects. We will assume for the present that we have a univer-
sal energy transmission curve TE(X). Consider the effect of

increasing the slab thickness from x to x+Ax. The quantity
TE(x+Ax)—TE(X) will be equal to the fraction of the incident
energy deposited in Az = ROAX. In making this argument we tactily

assume that the fraction of energy reflected backward is negli-
gible or more appropriately that in the limit of vanishingly

small Az this reflected energy is compensated for by backscattered
energy from material farther on. Therefore, the dose delivered
to Az is

1.6 x 10“8(TE<x+Ax) - T (x))
DAZ = o (E)E dE
RO(E) AX

where RO(E) Ax = Az. For skin or surface dose in any materlal on

the shielded side of the aluminum slab we let Ax— 0 and integrate
over E to obtain
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D (z) = 1.6 x 10° o(E) E —n

1
dX dE_'l (3)

.
RO\E)

where we have replaced RO(E) by Ré(E), the electron range for the

material in question, and x = is the reduced thickness for

_2Z

R, (E)

the aluminum slab. ¢(E) can be obtained from models of the space

aT.(x)
E

dx
sion data of Berger and Seltzer, and RO(E) and Ré(E) can be ob-

tained from the range-energy tables of Berger and Seltzer.(u)

Equation (3) can be used to calculate the dose directly, whereas’
* |

in equation (2b) it was necessary to estimate<%%ﬁ>, In fact

electron environment, can be calculated from the transmis-

nij
equation (3) will later be used to determine <%%j>for various

spectra and slab thicknesses. As before, limits must be put on
the integral in equation (3) in order to numerically integrate
it. The calculations indicated in equations (2b) and (3) are
carried out by the code BEDOSE (Bremsstrahlung-Electron Dose).
This code is described in detail in the appendix including input
and output formats and a listing of the program. Since 1t is to
be expected that any radiation dose code intended for space appli-
cations will be used for a wide variety of environmental condi-
tions, it is necessary to clearly understand the limitations of
such a code in order to correctly interpret the results. In the
next section the electron dose calculation described above is
examined in detail.

ITT. LIMITATIONS

To properly apply equations (3) or @b) to the calcula-
tion of electron doses in space, it 1s necessary to understand
both the limitations of the calculations and the limitations of

the inputs which go into the calculations. In this section the
following problems will be discussed:

1. The variation of the transmission curves with
incident electron energy.

2. Lack of transmission data for values of x between
0.7 and 1.

3. Choice of a low energy cutoff for the integration.
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k., Lack of electron spectral data at high energy.
5. Choice of a high energy cutoff for the integration.
Problems 2 and 3 and broblems 4 and 5 are of course related.

In order to illustrate various problems discussed
below, two sample electron spectra will be used in equation (2b)
or (3); a so called soft spectrum represented by

2(E) = 2¢7°F (mev1y
and a hard or fission spectrum (taken from Reference 8) given by
-.575E - .055E° -1
:9(E) = 0,7le g (MeV 7).

Both spectra are normalized so that ¢(E)dE = 1 and are shown

0
in Pigure la. The latter spectrum is typical of regions in the
trapped radiation belts where electrons from the Starfish high
altitude nuclear explosions still predominate while the former
‘is more typical of the natural electron environment in earth orbit.

Recent calculations indicate that the transmission
curves cannot be considered to be independent of energy, especially
for values of the reduced thickness greater than 0.5. Figure 2
shows the number transmission curves for 1 MeV and 6 MeV electrons
isotropically incident on an aluminum slab. These curves gre
taken from Monte Carlo calculations of Berger and Seltzer.

If a significant fraction of a particular electron dose is due to
electrons that have penetrated a reduced thickness greater than
about 0.5, the result of the calculation will depend on which
curve is used. Figures 3a and 3b show the variation of the energy
and number transmission coefficients with energy for various
values of the reduced thickness. A good fit to this energy vari-
ation can be obtained with the following formulas:

TE(6,X)
0.91 In ==
T (E,x) = To(2,x)(2) Tg(2:X) 1. g6 Mev, 1)
TN(6,x)
0.91 1n T (2.5
T = ) R 6 MeV )
N(E,x) = TN(Z,X) 5 1<E< ev. (5
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For E <1 MeV or E>6 MeV one should use the 1 MeV and 6 MeV trans-
mission curves respectively.

Table I illustrates the effect of the variation in the
two transmission curves. Electron dose in aluminum is listed
versus slab thickness for the hard and soft electron spectra.

The calculations have been normalized to give a dose of one rad
with the 1 MeV transmission curves at each shield thickness.
TE(G,X) and TE(l,X) were used in equation (3) to obtain the numbers

in Table I. The difference in dose produced by the two transmission
curves increases with shield thickness and is greater for the soft
spectrum than the hard spectrum. This is to be expected since for
thicker shields and/or softer spectra, the electrons contributing

to the dose will have penetrated greater reduced thicknesses, and
the variation in the transmission curves increases with increasing X.
The dose calculations in Section V use TE(6,X) and TN(6,X) since

these curves give the most conservative answers.

As can be seen in Figure 2, the transmission coeffi-
cients have been calculated only for x <0.7. This is due in part
to the fact that large amounts of computer time are needed to
obtain statistical accuracy for thick slabs. Although energy
~and number transmission coefficients are quite small for higher
values of x, this region may be the main contributor to the dose
for electron spectra that decrease rapidly with energy. Figure

4} shows TE(G,X) for isotropically incident electrons, and compares

it to the analytic fit to the calculations used in equation (3).
The minimum energy cutoff used in the integration in equation (3)
will determine how far the transmission curve must be extrapolated.
Figures 5a and 5b are histograms of the contributions to the
electron dose as a function of the incident electron energy for
the 2.0 and 4.0 gm/cm? slabs in Table I. The minimum energy for
the. integration was chosen so that x <1.0. The histogram area

is normalized to unity, and results for both the hard and soft

electron spectra are shown. The energy points at which x = 0.7
and 1.0 are marked by arrows.

It is easily seen that a significant portion of the
dose is due to electrons that have penetrated reduced thicknesses
greater than 0.7. Furthermore this percentage increases with
shield thickness and spectrum softness. For the case of the soft
spectra incident on the 4.0 gm/cm? slab over 95% of the dose is
produced by electrons for which x is greater than 0.7, and for the
2.0 gm/cm? slab over 50% of the dose is produced in this manner.
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It is not unlikely that the extrapolation in Figure U could be off
by as much as a factor of 10 at x =1. Monte Carlo calculations =
at x = 0.8, 0.9 are necessary for dose calculations in situations
where thick shields are required.

Figures 5a and 5b also illustrate another point that
must be considered in the dose calculation. As the slab thickness
increases and/or the spectrum hardens, the dose contribution comes
from increasingly higher energy electrons. The maximum energy cut-
off used in the integral of equation (3) was 10 MeV for the graphs
in Figures 5a and 5b. However, for the 4.0 gm/cm? slab contributions
from electrons with E>10 MeV would not be negligible (~ 10% for
the hard spectrum). Measurements of electron spectra in space
have not been made in this energy range. All that is usually
available is an integral measurement above 4 or 5 MeV and these are
limited in number. The spectrum shape below this value is then
extrapolated out to higher energies. This is a further source of
possible errors in the calculations if the actual spectral shape .
encountered differs considerably. from the extrapolated shape.

The use of a 6 MeV transmission curve in cases where
most of the dose contribution is coming from electrons of 7 MeV
or more, such as the 4.0 gm/ecm? slab, is a further uncertainty.
Transmission calculations for 10 MeV incident electrons are needed
for dose calculations involving high energy electrons.

It has been shown in this section that the calculation
of electron dose can involve the use of data which has been extrap-
olated a considerable distance from either measured of calculated
values. This is true of both the electron spectral shape and the
electron transmission coefficients. In the next section the cal-
culation of the secondary electron bremsstrahlung dose is undertaken
and shown to be in reasonably good shape.

IV. BREMSSTRAHLUNG DOSE

Berger and Seltzer. have also calculated the forward
bremsstrahlung¥* efficiency for electrons isotropically incident on
aluminum slabs. This is the fraction of incident electron energy
that appears as forward directed bremsstrahlung on the shielded side
of the slab. They express this fraction as

Y = 10'” a(z,E)ZE, (6)

where 7 is the atomic number (13 in the case of aluminum), E the
kinetic energy of the incident electrons, and Y is the forward
bremsstrahlung efficiency. When expressed this way, "a" is a slowly
varying function of E and z (the slab thickness) having a nominal
value of about 4. Two graphs of Y vs z/R  for different values of E
{Reference (3)) are shown in Figure 6.

¥Bremsstrahlung, or "braking radiation" consists of electromagnetic
radiation (x—rays) with energies up to that of the electron producing
it, which is produced in the slowing down of the energetic electrons.
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Using equation (6) the bremsstrahlung energy flux
emerging from the slab is given by

- 00

= 10"“

F(2) 7z ¢(E) a(z,E)E2 dE (MeV/cm?2), (7)

0

The bremsstrahlung dose for material adjacent to the
slab is simply [1.6 x 10-8 <o,> F (z)] where <o > is the mass

absorption coefficient for the material in question averaged of
the emerging bremsstrahlung energy spectrum. For the bremsstrah-
lung energies encountered in space applications <04 for tissue

is approximately .031 cmg/gm, and the dose is given by

Dy (z) = 6.45 x 10713 j’@(E)E2 a(x,E)dE, (8)
0 , .

where we have replaced a(z,E) by a(x,E), making it a function of
the reduced thickness to agree with the tabulated data in Refer-
ence (3). An analytic fit to Berger and Seltzer's tabulations of
a(x,E) gives

1258321 (x-0.6).

a(x,E) = 44 e R, (E) x>. 0.6, (9a)
a(x,E) = 24.3 x 1.13 e"1788x x<0.6, (9b)
-Where R (E) is again the electron range in aluminum and x = % .

Limits on the integration are not critical for equation (8) because

the behavior of the integral is determined by the ¢(E)E2 term which

is sharply peaked at an energy E = %—for a spectral shape e bE.
A graph.of bremsstrahlung dosevversus slab thickness is

shown in Figure 7 for the hard and soft electron spectra. The

code BEDOSE using equations (8), (9a) and (9b) was used to do the

calculation. The doses have been normalized to one electron per

cm? striking the slab. A histogram of dose contributions versus

electron energy for the hard spectrum incident on a 4.0 gm/cm?

slab is presented in Figure 8. The dotted line is a plot of o(E)EZ.

The deviation at low energies is due to the decrease in a (x,E) at

low energy because of absorption of the low energy bremsstrahlung

in the aluminum slab.
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Although the values of a(x,E) used in equation (8)
strictly apply only to bremsstrahlung from aluminum slabs,
estimates for bremsstrahlung doses from other materials can be
obtained simply by scaling equation (8) by %3, the atomic num-

ber ratio.

As shown above the electron bremsstrahlung calcula-
tion is a straightforward procedure and does not require extrap-
olation of Monte Carlo or spectral data to any great degree.
As. a result, estimates of bremsstrahlung dose produced by pri-
mary electrons is of sufficient accuracy for any anticipated
space applications.

V. APOLLO RADIATION DOSES

The calculation of radiation dose for a specific mis-
sion requires combining the mission profile with a suitable
model of the - 'space radiation environment to produce an average
omnidirectional electron flux environment for the spacecraft.
Although the electron flux at warious points in sSpace can be
highly directional, the assumption is usually made that random
orientation of the spacecraff produces an average flux that is
isotropically incident on the spacecraft. Vette et al have
calculated average omnidirectional fluxes for a variety of cir-
cular orbits at inclination from 0 to 90° based on their model
AE2 electron environment.(5) This environment is constructed
from experimental measurements made in the 1962-64 time period.
Orbital fluxes for a projected December 1968 electron environ-
ment based on observed time decay of the fluxes from the Star-
fish nuclear detonation have also been calculated.

Figure 9 shows the average electron flux spectrum
which would be encountered in a 300 nautical mile altitude, 30°
inclination. circular orbit. Both the 1964 flux and the projected
December 1968 flux are shown. The softening of the spectrum be-
tween 1964 and 1968 is due to decay of the Starfish electrons.

Part of the mission profile for Apollo Mission E calls
for a 250 nautical mile earth orbit for up to two weeks with ex-
tended occupation of the lunar module (LM). Since the spectral
shape 1s independent of altitude in this region, the 300 nauti-
cal mile fluxes may be used to calculate dose in the command
module (CM) and the LM, and the results scaled to the 250 nauti-
cal mile altitude. Figure 10 is a plot of the electron flux
above 0.5 MeV versus altitude for 30° inclination circular orbits.
The fluxes are taken from reference (5). The 250 nautical mile
flux is 0.41 of the 300 nautical mile flux for both the 1964 and
predicted 1968 data.
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The differential spectra given by Vette extend from
0 to 7 MeV with an integral value given for the total number of
electrons above 7 MeV. 1In carrying out the dose calculations
these electrons were handled in two ways. One set of calcula-
tions was carried out with the differential spectrum decreasing
exponentially:

]

jr®(7)e—a(E_7) dE = number of electrons
7 above 7 MeV.

A second set of calculations was carried out with the differen-

tial spectrum assumed to be constant out to a value Emax and

zero thereafter so that

o(7)[E

Max -7] = number of electrons above 7 MeV.

These two cases are shown by the dotted lines in. Figure 9 and
represent hard and soft extremes of spectral behavior. For the
shield thickness of interest, the differences in dose were less
than 10%. The more conservative (i.e. higher dose) exponential
spectrum was used for the doses presented here. It should be
pointed out that all spectral behavior above 4 MeV is based on
extrapolation even though integral numbers may be avallable
experimentally.

The electron and bremsstrahlung doses as a function
of slab thickness are shown in Figure 11 for the 1964, and pro-
jected 1968 spectra. The doses are normalized to one electron
per cm2 striking the slab. In order to apply these results to
a spacecraft geometry the following line of reasoning is used
The electron dose received by an astronaut will be a skin dose
because of the limited penetrating ability of the electrons.

?he.astronaut‘s body will shield his skin from all electron rad-
iation except that coming from in front of the area under con-

sideration. The maximum skin dose will be produced over that
area of the astronaut's body that faces the thinnest part of the

spacecraft. The maximum skin dose that can be produced by the
electrons in a spacecraft geometry can therefore be obtained

from the slab results of Figure 11 using a slab thickness cor-
responding to the thinnest portion of the spacecraft. If the
astronaut is moving about so that different parts of his body
face the thin portions of the spacecraft at different times,

then the total skin dose received by any portion of his body will
be less than the maximum possible values calculated here.



BELLCOMM, INC. - 13 -

The dose curves in Figure 11 are normalized to one

electron/cm2 striking the slab (i.e., spacecraft), and the
dose values given must therefore be multiplied by the number

of electrons per cm2 striking the spacecraft in order to obtain
the electron dose. If we consider the electron flux to be iso-
tropic, the number of electrons per cm?2 striking the spacecraft's
surface will be equal to 1/4 of the omnidirectional flux, or

% (see e.g., Reference (9)).

For the penetrating bremsstrahlung radiation, the en-
tire spacecraft will contribute to the dose. Moreover, the dose
will be essentially a whole body dose since little attenuation is
provided by the astronaut's body. Considering the spacecraft as
a thin spherical shell, the bremsstrahlung dose is given toc a
good approximation by the slab results with an incident flux on

the slab of’% or % the omnidirectional flux.

) Doses for the CM and LM are given in Table II for 1964
and 1968 electron fluxes. The 300 n.mi. results have been multi-
plied by 0.41 to convert them to a 250 n.mi. orbit. A minimum
thickness of 2.5 gms/cm2 and 0.2 gms/cm2 were assumed for the CM
and LM respectively in determining the maximum electron dose.

The bremstrahlung dose assumed average aluminum thicknesses of

5 and 1 gm/cm2 for the CM and LM respectively. Also listed in

Table II are the values of <g§€> required to make equation (2b)
dz

agree with equation (3). The straight ahead value (i.e., the value
TABLE I1

ELECTRON AND BREMSSTRAHLUNG DOSE FOR APOLLO MISSION E

Brems- dgr!
Electron strahlung 3z >
Electron Dose Dose

Spectra (rad/day) (rad/day) (MeV/gm/cmz)

Command Module 1964 .10 .0072 5.7
1968 012 .0002 5.0
Lunar Module 1964 59 (59) .018 5.1

1968 2.2 (1.7) .0003 5.0
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assuming the electrons to be undefilected) for tissue is

~2 MeV/gm/cm?. The actual energy deposition is therefore about
2.5 times the straight ahead value for perpendicularly incident
electrons.

The LM electron dose is produced by electrons in the
range 0.5-3 MeV while the CM dose is produced by electrons
greater than 5 MeV. This is shown in Figures 12 and 13 where
the energy contributions to the dose are plotted for the 1964
and 1968 spectra respectively. Table III lists percentages of
dose from-electrons with x>0.7 and from electrons with E>7 MeV.

TABLE III

PERCENTAGE OF ELECTRON DOSE CONTRIBUTION FROM VARIOUS
REGIONS OF x,E SPACE

x>0.7 E>T MeV
CM 1964 35% 30%
1968 5% 85%
LM 1964 1% 0%
1968 25% 5%

Only the 1968 CM electron dose has a major portjon contributed
by electrons in the (x>.7,E>7 MeV) region, but the calculated
dose is low enough that fairly large errors in the electron
spectrum can be tolerated.

Since low energy electrons produce the LM dose, dose
calculations were repeated using TE(l,x) in place of TE(6,x).

These numbers are given in parentheses in Table II. No change
was observed for the 1964 LM dose as should be expected from
the fact that the (x>.7) portion of the transmission curve con-
tributes little to the dose. The 1968 LM dose was reduced by
23% due to the fact that 25% of the dose comes from the (x30.7)
portion of the transmission curve. '

The electron doses in Table II are in general a
factor of 2-3 higher than similar calculations using transmis-
sion coefficients available prior to reference (3). Table IV
lists electron doses for the CM and LM calculated using the
1 MeV transmission coefficients from Reference (6). The Monte
Carlo code used to calculate these coefficients did not include
energy loss straggling, and the coefficients are too small for
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large values of x. The degree of difference between the old and
new doses 1s directly related to percentage of the dose contri-
buted by electrons with large values of x.

TABLE IV

ELECTRON DOSES USING OLD TRANSMISSION COEFFICIENTS

Dose Ratio

Dose (rad/day) (Table II/Table IV)
CM 1964 .031 3.2
1968 .008 1.5
LM 1964 45 1.3
1968 1.0 2.2

In order to assess the relative importance of the elec~
tron dose calculation to the overall question of radiation dose
determination, it is necessary to estimate the magnitude of the
proton dose. ‘Using the proton fluxes in Reference (10) and the
proton transport calculations of Reference (11), the skin dose
due to protons is estimated to be approximately .070vrad/day for
the CM (compared to .012 rad/day from electrons) and .20 rad/day
for the LM (compared to 2.2 rad/day from electrons). The proton
doses are in approximate agreement with calculations of R.H. Hilberg
Reference (12). Thus electrons contribute over 90% of the skin
dose in the LM and 15% in the CM using the 1968 electron environment.
If the 1964 electron environment is used, the electron contribution
to skin dose in the CM increases to 60%.

The critical phase of Apollo Mission E, for radiation
dose 1s the occupation of the LM. Although the predicted 1968
dose 1is within the allowable limits, the 1964 dose is not.
More up to date measurements of the electron environment would
certainly be of great value in verifying the factor of 30 de-
crease in dose that is predicted from decay of the high energy -
Starfish electrons. CM doses are low enough that no hazard
should result either from errors in radiation environment pre-
diction or electron penetration calculations. Bremsstrahlung is
not a problem at these flux levels and shield thicknesses.

VI. SUMMARY

The problem of determining electron radiation dose in
spacecraft has been investigated in detail and several areas of’
weakness in the calculations have been found. Of particular
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concern, is the lack of transmission coefficient calculations for
shield thickness nearly equal to the extrapolated electron range,
and lack of electron spectral information above 4 or 5 MeV. This
information would be needed to calculate electron dose behind the
moderately thick shields required for high altitude orbiting
laboratories. In addition, the increase in the transmission co-
efficients with incident electron energy was shown to increase
significantly the calculated dose over that obtained with the old
1 MeV transmission curves. Electron bremsstrahlung dose calcula-
tions were also studied. The accuracy of this rather straight-
forward calculation is sufficlent for radiation dose predictions.’

Radiation dose calculations for the 250 n. mi. orbit
phase of Apollo Mission E showed the LM electron dose estimates
to be within acceptable levels if the 1964 to 1968 electron flux
decay 1is as predicted. Since the 1964 dose would not have been
within acceptable 1limits, 1t would be wise to measure at least
partially the 1968 environment prior to Apollo Mission E.
Bremsstrahlung dose was not a problem at these flux levels.

Y de £ Lﬁr&jy

1011-JSI-bl {|3.5. Ingley

Attachments

Appendix A

Listing and sample output for code BEDOSE
Figures 1 through 13
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APPENDIX

Computer Code BEDOSE

I. GENERAL DESCRIPTION

radiation dose delivered to the surface of a slab
shielded by various thicknesses of aluminum slabs
trons of varying energy incident on the slab. It
after a similar code developed at MSFC (Reference
the dose due to electrons that penetrate the slab

BEDOSE (Bremsstrahlung-Electron Dose) calculates the
of material
from elec-
is patterned
(7). Both
and brems-

strahlung from the electron slowing down process are included

in the calculation.

In order to calculate the dose, the code

makes use of .electron transmission coefficients and bremsstrah-
lung efficiency coefficients previously calculated by much more

involved Monte Carlo procedures.

The electron dose in rads is

calculated by numerical integration of the following equation:

o(E)

TE(E,X)

R (E)
RI(E)
max

min

max Ty (E,x) dE

E o (E) ax R'(E)
o

S (A1)
De(z) = Ak

E_.

min
is the differential flux of electrons of energy E incident
on the slab per cm? (MeV ler2).

is the fraction of the incident electron energy flux,
E¢(E)dE, that is transmitted through a reduced thickness,

x (determined from Monte Carlo calculations).

.

is the reduced thickness, z
ROZES
is the slab thickness in gm/cm?

is the extrapolated range (gm/cm?) in aluminum of
electrons of incident energy E.

is the correéponding range in the material being irradiated
(e.g., tissue).

is the upper energy cutoff in MeV above which it is assumed
no electrons contribute to the dose.

is the lower energy cutoff in MeV below which all electrons
are assumed to be stopped in the slab.

is a'constant which converts from MeV/gm to units of dose
(usually rads). ‘
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D, (z) is the surface or skin dose in rads which would be deli-
vered to a slab of material adjacent to the aluminum
slab. The derivation ¢f equation (Al) is given in the
text.

BEDOSE also calculates the transmitted flux Ne(Z) given by

E
max
N (2) _ ¢(E) Ty (E,x)dE. (A2)
Emin
T (E,x) is the fraction of incident electrons with energy between

E and E+dE, ¢(E)dE, that are transmitted through a
reduced thickness, K.

Ne(Z) is the total number ¢f electrons per cm2 penetrating
the slab, and De(Z) is equal to<<dE‘>_,the average
Ak:Ne

energy deposition per unit depth produced by the trans-
mitted electrons in the irradiated material.

The bremsstrablung dose 1s calculated from the equation

E
max

D (z) = A <o,> z(1o‘“)d( E? ¢(B)a(z,E)dE, '(AB)

E_.
min

the derivation of which is glven in the text. Z 1is the atomilc
number of the shielding material, a(z,E) is the coefficient in
the forward bremsstrahlung efficiency formula (determined from
Monte Carlo calculations), and <og> is the average mass absorp-
tion coefficient of the irradiated material for the incident
bremsstrahlung energy spectrum.

The quantities ¢(E), TE(E,X), TN(E,X), Z .

and A, are given as input, while the quantities R_(E), R' (E),

<o, >, Z, and a(z,E) are fixed in the code. ¢(E) can either

be specified explicitly at various energies and the code will
assume exponential behavior in between, or it can be specified
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. ~FE-GE?2 .
by the analytic form Aoe (E in MeV). .TE and TN are
specified by analytic fits of the form, Ae—(Bx+Cx2 + Dx3), to
the Monte Carlo transmission calculations. Emin for the
electron dose is determined by the requirement that x <CTF, where
CTF is specified .in the input. Emin for the bremsstrahlung dose
is fixed in the code at a value of(,.Z ) 0‘6.

32

II. INPUT FORMAT

The input quantities, thelir meaning, and the input
format are listed in the table below.
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INPUT INFORMATION

A-Y

TABLE AT

Card Number Item(s)

Format

Purpose

1 CTF

2% Ag,F,G

AZ , % .
3 >“min?

max

5a,5b,etc. E..n

7 A,B.C,D -

1°71°271°71

E14.7

3E14.7

3E1I4.T

I5

E1L.7,I5

E14.7

hE1L.7

YE1L .7

to z

TN and TE set equal

to zero for x> CTF.
_FE-QF2 3
o (E)= Age PE-GE- if

analytic form is specified
for flux.

Code will compute doses
for slab thickness equal

+Az,"'zmax.

min’zmin
Number of energy region
cards to follow.

E
Thej' MmaxX 415 divided

0
into N regions. The number
of steps in the integration
from E, to E, is equal to
i-1 i
13 3 Pnax Py Fo=0-

Maximum number of
entries = 20.

Converts MeV/gm to units
of 8pse. A, .= 1.6x10 8

for rads. k

Coefficients for
TN(x)=Ae—(Bx+0x2+Dx3)

Coefficients for )
= - 3
TE(X) A e (B1x+C x4+D.x3)

1 1 1
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TABLE Al CONT'D
INPUT INFORMATION
Card Number Item(s) Format Purpose
9 IFLX, IDE 215 If IDE = 1, code will edit
Control after every Ei given on
Sentinels cards b5a, 5b, ete. IT
IDE = 0, code will edit at
end of calculation. If
IFLX = 0, ¢(E) is to be
specified by input table.
If IPFLX = 1, ¢(E) given in
analytic form on card 2.
10%% KMAX I5 Number of flux cards
to follow.
lla,11b, E ,@(Ek) 2E14.8 Specifies ¢(E) at energy
etc#*# k Ek' Code interpolates
(KMAX cards) K = (1,KMAX)

logarithmically from
E to E,. E, = 0.

k-1 k 1
Maximum number of
entries = 40.

¥This card must be in deck, but is ignored if IFLX = 0
¥*¥Must not be used if IFLX = 1
Total number of Input Cards = 84N (if IFLX = 1)
9+N+KMAX (if IFLX = 0)
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‘

IIT. OUTPUT FORMAT

The output consists of two parts; a section containing
the input information and a section containing the code output.
The input information is clearly labeled and is given in the
following order:

1. The scale factor, Ak'
2. The integration edit intervals and number of inte-
gration steps, Ei and n -

3. Al?Bla Cl: Dl
Y. A, B, C, D.
5. CTF, Ag, F,G.

6. The flux energy spectrum,'if given, E,_ and @(Ek).

(o]

f @(E) dE which is labeled normalization.
0

-\‘]

The code output information is listed in 5 columns.
Column 1 labeled, Z, is the slab thickness in gm/cm?2. Column 2
labeled, Electron Dose, is the skin dose in whatever units are
used for Ak (usually rads). If IDE = 1, the code will print

accumulated dose after every Ei(i = 1,N) given in the input deck.

With this option, the user can determine which regions of the elec-
tron energy spectrum are contributing to the dose. Column 3,
labeled Electron Number, gives the number of electrons penetrating
the slab per cm?. The same option applies for IDE = 1. Column by
labeled, E, (DE/DX), gives E, when IDE = 1, except for the last

entry which is <(%%lj> the average energy deposition per gm/cm?2
for the electrons that penetrate the slab. When IDE = 0 only
<%%L. is given in this column.

Column 5 labeled, Brem Dose, is the bremsstrahlung
dose produced by the electron bremsstrhalung. The units are the

same as the electron dose. The option IDE = 1 agein produces an
edit after every Ei'
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IV,

ADDITIONAL COMMENTS

d.

The code calculates radiation dose in a slab of
material behind an aluminum slab shield. Care
must be taken in applying the results to other
materials and spacecraft geometries (see text).

The transmission coefficients are energy inde-
pendent in the present version of the code. Use
a transmission curve for an incident energy close
to that which contributes most to the dose.

The angular distribution of the incident flux need
not be isotropic, but the transmission curves should
be determined for whatever angular distribution is
assumed for the flux.

If E

is higher than E the code will expon-

MAX KMAX”?
entially extrapolate ¢(E) out to EMAX‘ The slope
will be the same as the slope ?Fom EKMAX—l to EKMAX'

The RB(E) presently in the code is for muscle.
Generation time + Running time = 6 seconds on
Univac 1108 for five slab thicknesses and 200
integration points per silab.

A listing with sample output follows below.



¢ HDG RRFMSSTRAHLUNG=-FLFCTRON DOSF (INGLFY/BELLCOMM)
‘1T FOR RFPOSEsRENOSE :
DIMENSTON FF(40) 4FL(4NY,ENR(20), INB(20)
IWR=6
IRF=5
READ (TRF 4?25)1CTF s ANLF 4G
RFAD (TRES101IDNZ+s7FRT 47MAX
M=0N
N=({ZMAX-7FRT)/D7+1
RFAD (TREZTONINURG(FNR{TYS$INR{T)Ys1I=14NUR)
READ (TRE 929)1AK 3 ARy C 4Ny Al 4R1,C1sD1
WRITFUIWRS2DOVAK S IFNR(T)Y,INR(T),s1=1sNUB)
WRITF{TWR$211A14R14C14D1
WRITF{IWR$RIAZR4C D
WRITE(IWR423)CTF 4ANGF 4G
PFAD(TRES3N)IFLX, IDF
ITFtTIFLX~1)Y1431531
1 RFAL) [TRF 42 IKMAX G IFF(K) oFL(K) K= sKMAX)
WRITF (IWR,708)
IF (FF{KMAX)—=FENR(NIIB}))200Nn,2NNn1,+2001
2000 KMAX=KMAX+1
EF(KMAX)=ENB{NUB)
FL{KMAX)=FXP(ALOG(FL(KMAX=1)Y)+{EF(KMAX)Y-FF(KMAX~-2))/ (EF(KMAX~1)-FF
T(KMAX=2 1) ¥ (ALOGIFL{KMAX~1)/FL{KMAX=21))))
2001 DO 5, K=14¢KMAX
WRITF (TWRGINNNIFF(KY)Y FL (K}
5 FLIKY=ALOG(FL (K))
K=1
StiM3=n,
1nn SUMR=GUMI+({EXP (FL(K+IVY~FXP (FL(KY Y)Y/ ((FL(K+1)Y-FLIKY)/(FF(X+1)~-FF
1(K) )
K=K+1
IF (K-KMAX)100n,110,110
31 DE=FNB(NUR) /200
SUM3=0N,
EN=DE*¥,.,5
PO 32 TA=14200
SUM3=SUMI+ANADFXFXP (~(FAFN+GHFN%*%2))
3?7 FN=FN+OF
110 WRITFE (TWR,8nNN)S1IM2
WRITFE (TWR,4)
7=7ERT
DO 6 J=7 N
CStMY =0,
SiM2=n,
suMa=n,
K=1
FMIN=(Z/32.)%%s6 .
FMINZ2=SORT ((CTF#Z)¥(CTF*74+,2378)/(4364~-4N128%CTF*%7})
L=1
704 TF (FMIN—FENR(L))}T7N14702,703
m3 IF (L-NIJBYT705,6NN,]
705 L=L+1
cn TOo 7R4
102 [F (L=-MIIRYTNE 6NN, 1



né L=L+]
n1 FL=FMTN
NO 707 KA=LNUB
ATB=TNR(KA)
DE=(FNR(KAY~ELY/AIR
FN=FL-DF
NEA=TNR (KA )+]
3ne DO 7 T=1,NFA
FN=EN+DF
R=SORT{ oA437Q%FN®EXD+ ,N1415 1=, 11RO NNALXEFNX%D
R1=Ne 7#R '
X=7/R
DN=0.,
DPZO-
IF(X~e6)16917417
16 ABRFM=24,3%(X¥%] 13 ) *¥EXP(~1618%X)
GO TO 18
17 ABREM=4 4% EXP (= (o 125% (FNXx* 221 1% (X-eb1/P))
1R TELFN-FEMIN2)11 551,51
51 DN=A¥FYXP (- (R¥XHCEX %X 24DAX 12T ) )
’ NDP=AT* (RI+26¥CI#X+R4¥DI#XHAZJEFXP (~(BIXXHCI#X*FX2+DIEXX*3) ) /R]
11 IF(IFLX=-1)32,34,34

373 IF(EN-FF(K)18,9,1nNn
in K=K+1
TF (K~KMAX)}11s11+17
12 K=KMAX
9 FU=EXP (FL(K))
GO TO 13
8 IF fK=1)1+9414
14 FU=UXP ((EN=FF(K=1))%(FLIK)=FLA(K=1))}/(EF{(Y)-FF(K~1))+FL{K-1))
GO TO 172 :
34 FUSANRFXP (= (F*EN+GXFNX%2) )
13 TF(I-1Y4ra 40,410
40 SIMPC=1,
GO TO 46
41 IF(M=11424434472
42 SIMPC=4,
M=3
GO TO 44
43 SIMPC=2,
M=0
44 TE(T=NFA)YLE+45 445
45 SIMDP(C=1,
M=0
46 SUMI=SUMI4FIIXNDXFMEDF#STVDC /3
SUM2=SIIMR2LFIBDN* SIMPCENE /23,
7 SUML4=SIMLAHFUXARREME (FN#%2 ) xS IMDCRDF /3,

FL=ENR (KA}
IF(IDFE-137074+35435
35 SUM1P=5UM1 #AK
SUM4LP=SIIM4*AK ¥ (4 o N3E~N5)
WRITF(IWR 41517 4sSUIMIP ZSIIM2 JFL , SUM4P
07 FL=ENB{KA}Y
600 DEDX=8MT y2UIM2
StM1=SUML *AK



2

SUML=SUMARAK ¥ (L, O3F=N5 )
WRYTF{TWR ¢36)7 s SHIMT g SHIM2 yDENX 4 SHIM4
2=7-D7

WRITF(IWR,437)

CALL FXTT
FORMAT (I15/(2E14.8))

2 FORMAT(3H A=F14,7/3H R=F14,7/3H C=F14e7/3H D=F14.7)

4

15
20

21
23
25
29
20
26
37
1n1
700
708
ann
1000

FORMAT (//75H 7 (GMyCM2)  FLFCTRON DOSE FLECTRON NUMBFPR

1/DX) RRFM DOSF )

FORMAT(H5F1546)
FORMAT(22H INTFGRATION CONSTANT=F14,7/18H INTFGRATION STFP&/

110X 6HFNFRGY s 7X 3 12HNO, OF STFPS/(F2NeT,110Y))

FORMAT(  //&4H A1=F14,7/4H RI1=F14,7/4H C1=F14,7/4H DI1=F14,7)
FORMAT(5H CTF=F14e7/4H AN=F14,7/2H F=E14,7/3H G=F14,7)
FORMAT(F14e7/(2F14.7))
FORMAT(F14.7/(4F14.7))
FORMAT(215)
FORMAT (/5E15e6/)
FORMAT(17H PROBLEM FINISHED)
FORMAT(3F1448)
FORMAT (15/(FE14e7515))
FORMAT (//9H SPECTRUM/1NXs6HFNFRGY s 15X s 4HFLUX)
FORMAT (15H NORMALIZATTION=F1447)
FORMAT (2F2047)
FND

F s (DE



XQT RFNOSF

1.0
TelF126575 «N55
o5 PR 2e5
10
5 50
le 50
165 25
2e 25
LD 2n
Lo 1n
5e 10
6 10
Te in
Be 10
"1le6-N8
1007? 2.80 -662"37 11096
10058 3099 ~4 66 1101
0 1
6 .
Ne . 4e67F11
1e¢5 3e27F6
2e 2e36F6
e 1e65E6
7e 5e45E5

2N, 3.5E4



INTFGRATION CONSTANT=

INTFGRATION STEPS

ENFRGY

s H5NNOADO-N0
e1NNNNNNEN]
s 150NNNNENT
« 2N00000N+N]
s 30NNNNNENT
P/ Nalalalalala T Aol
s HONNNNNENT
6000000 +NT
e TONNAON+NT
«800NNQQ+N]

NOo

«1600000-07

OF STEPS

5n
5n
25
25
20
10
1n
10
10
1n

Al: 0105800ﬂ+01
Rl= «3990000+01
Cl= - 4660NNNENT
Ni= 51110000+02
A= « 1072000407
R= 0 280000N4NT1 7
C= e622700N4N1
D= e119600N4+N2
CTF= e 10NNNNNLNT
AQ= s 7100000+13
F= «5750000~-00
G= «55C0000~01
SPFCTRIM

ENFRGY

NsTalslalatals!

'NORMAL 1Z,.TION=

C L1500 AAEA]

200NONN+NT
e 300NCNN401T
e 1OONNANNEN]
,Zﬂ(‘.f\ﬁf‘;ﬁ+ﬁ.2

FLUX
cL4B700NN+]12
e 3270N0NNENT
e 23600NN+NT
s 165NONNENT
¢ HL45ONNN+NG
e 3500NN0+N5

«5902720+11

Z (GM/CM2)

L50000N—AA
e 50000N-0N
e HNONNN-NN
¢ 50C000-NN
eH5NO000-ON
e HNNNCNLAN
e HNNONN-NN
«HNO000-0N
e 5N00NN~NN
e 500000~00

e5000N0-N0

« 100000401
«100000+Nn1
«1N0000N0O4NT
«+100000+01

ELECTRON DOSE

sONNNNN

01999839-02
«655573~-01
e113535+00N
e219298-0nN
e31NEN4-0NN
«388246-00
« 45306600
eHN6350~-0nN

¢550996-0n .

0e550996-00

«0000NN
s 0O0ON00
.NNNANN

«225989-0N13

ELECTRON NUMBER

e NNNANAN

« 117874405
«439178+06
«+838160+06
¢ 188101407
e 284N046+NT7
¢ 364168+07
e 428515+07
e 479290407
«520230+07

«520230+407

s 000000
s NONNNO
e NONNNN
¢ 147084+04

Es (DE/DX)
e HNNNCN-NN
s 100N00N+N]
e15N00ONN+NT
e 20000N+0N1
230NNNNE0]
elniANNNENT
e 5NONCN+N]
600000+
e ITNNNNN+N]
«300000+01

«661963+01

«50NO0N-D0
s 10NN0N+N]
S - YalalalaE Xl
2 200N00+N1

BREM DOSE
e 469378073
e133649-02
e 140044 ~02
e 142576-02
e 146307-n2
e 15N3A66-02
e 154443202
e 158286-02
»161768-02

. «164942-02

e164942-02

e110476~03
e627776-03
e 689NA3~N73
e TNNZ287 03



°]ﬂﬂﬂﬁﬁ+h1
.lﬁﬁﬂ”0+ﬁl
«1N0000NLN]
«10000N+0N1]
«100000+01
» 10000N+N]1

e 10CNCN4N]

s 1500NN4+LNTY
0 150000+0]
P R TALARAT AR Hab |
s 15000N4NT
e 150000407
e 150000407
e 150000407
e« 150000+01
2150000+01
+ 150000401

0 1500004071

e 2NNNONNLNT]
$20000N4N]
02ﬁ00p0+ﬁ1
L 200000401
e 2NCONN4N1T
20000AENA]
e 2P0NCNEN]
e 2NNONNN4ENT
2NO0CN+N]
20000CN+N]

200NN+ NT

e 2500NNEN]T
2B 0NNNAENT
e 250NNNOEN]
¢« 250N0NN4ENT
e 250000+01
e 250000401
e 250000401
«25C000+0N1
«250000+Nn1

e 25NN0N4N]

DRCORLEM FINISHED

0212211 ~M
¢ 136830-01
21728354 -0nN
el 75308~-0nN
e 214094~00
e 246510-00

«246510~00

00NN
L ONANND
N Valatats
e XNNNNN
e360NN2-N3
e 10554701
e379631-01
o 710424~01
e1N1665400
e128329--00

"9128339~0nN

L0Nn0ANN
L NOONNN
LONNONN
s NNNNON
LONOOND
«398422-073
06NB6T2~02
e209747-01
406683-01
«6N9E8T-01

60968701

LNNANNANAD
.NANNNN
N lalaldils!
0NAANN
sONNONN
00NN
«e384402~-073
«275916~-02
0121411-01

«2423T75~01

e 160019+ 0A
«618725+06
0115151407
e 1623507+07
«203906+07
e237547+07

e 237547+07

s NONNAN
sNONNAN
eNONONAN
2NNOONN
o 240TET+04
e 1 7124271+05
e 290Q784+06
e 594559406
+885831+06
e1150074+07

s 115007407

Pelelalelala
M alalalelale
s NONONN
alalalsTelel
sNONONN
0268554404
c4362434+05
«159032+06
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FIGURE 1a -~ MODEL ELECTRON SPECTRA FOR RADIATION DOSE CALCULATIONS
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FIGURE 6 - BREMSSTRAHLUNG EFFICIENCY vs REDUCED THICKNESS
AT 1 AND 10 MeV
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